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FIELD OF INVENTION 

The preset iroeridon relates: broadly t > of sbgle-wrdl cartx;ri oaooii.abes, also 
ktkwr j> t i! i * v i i ! ! 1 ! ! i 

relates to th ' s in a 

continuous process using a k i i\ <i? a ^i. on si) iw feedstock at high 

temperature arid pressure. 
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Fuiiacecs m 




closed-cage molecules consisting essentially of $$f~ 




hybridized carbons P 




id m hexagons ami pentagons. Fulkrenes, such as Gw, 




also known as Buck 




^ more commonly, "buckybalis* and C m have been 


20 


produced ^ 


szed carbon at 


high temperature. Presence of & transition catalyst with 




the high temperaiur: 




oboe results m the lor:u aio« of siogfe.-waii ustetha 




stnictviies which ma; 


y be sealed at 


one or both ends with a semifulterene dome. Tbese 




carbon cylindrical ? 


itrecwres, known as single -wall carbon nanotnbes >f \ \- 




Si buckyi«bes^ have 


extr^rdSMry 


pK>perdes\ meiudfeg b<:;ii; electrical raid duooat 


as 


t rxkctivHy an 










e-walt carbon 


cylinders, known as multi-wall carte nanotubes 




(MWNTs), possess 


feropsm«s sits 


tilar to the single-wall carbon namrtutes (SWNTs); 






carboa name a 


« s ? - e - i,uk v g then ong< no e 




t inductive typk 


:8% more usei? 


i! thiSft muiti- I ! tubes of simli nea 


3:0 


SWN I s aw believed 


to be much me 


*s tsee of delects tl MWN1 , he Mw N F 




stniciure can admit d 


iefects ?n the fc 


m »f bridges between the « nah 1 




the neighboring cyli; 




nSM t „i n I i 11 p\ dud 




the formation of fete? 


-war! defects i; 


iSWNTs. 



indda ! the sixe aad coaf* mati< 5 ^ . * « system of 

no > > « > » ' <• \ > >t< 

>f \ Dk t mic Press, < x <• ,! x * $ed Single-^ > ! 
distinguished from each other by a double index (a, s), where a and m are teg® that 

t i < V > < J t, f J s I v. < 

eamlessly wfeen the strip pad c & * theses 

i\gW ulVt 5,tkt S- Vid ee<0 t Ui > 

hcu cot p^r ' < jl j *- < > s <. mov 

* <. i t ! * ' I > - ' < ! 5 1 v ' 

t ! ! i ■ i 1 i v o J t <. ^ 

or t« d> type, since a tube cot |c; w ;i jo the n \ ax.is wooid expose on edge oOo a 

% i U >. ! a it V V < S 



are der 



or esaoipie 



hao tubes a . me;abu 



conductor, & 
nsavotubes ha\ 



carbon a 

also be®s 



f-'u 



such a 



*sHe strength, 
'eloped from the- 
C«> and Cm may 



me of the deposits on the cathode in carbon arc processes, 

boa otmootbes have been made in a DC a -x > ' 

t earl < > \ < * t 

re discharge apparatus. These techniques allow production of only a 
aotubes, arte; t \ » 1 cat > gnifwstirf 

nd ssxe. 



toped < 



vary m structure, t 
vaporisation process 



prod a c 



product is ? m ' \ k \ v sy potential 

\li i i 5 ! I X CO 

process. 

Another way to synthesize carbon oanotubes Is by catalytic decomposition of a 
ak<u i it5om^ i > > l > ! ^ n p\\ ftvd <m a s« t*d\ The 

carbon feedstod mo cuk-$ ecorapo >n the parties* arise* uk! the resulting carbon 
atoms then precipitate as part of a nsnotube iron* one side of the particle. This procedure 
typically produces unpeiOect nodb-waileu carats* nanotubes, but, under the certain reaction 
.conditions, can produce excellent single-wad carbon narsatabes. 

nil)!! 1 f the 

i < isifien metal 

particles comprising Mo, Fe, N.o Co. or mixtures thereof residing on a support such as 
alumina. This method uses inexpensive feedstocks in a moderate >v m o process. 
However, the yield is limited; and this limitation appears to be doe to rapid surrounding of 

ho ' 3 i ^ ! i 1 n I \ i 

barrier to diffusion of the feedstock and product gases, respectively, to and from tbe catalyst 
\i.totobe growth, 

- ■) < s > s ne as a 

i it u promoter in 1 ail-gas-a>hase process can prodaee smgie-w&il carbon nanotubes. 
Hov.e\er, ; > ^ < ' 1 * - t n 

nunombes, amorphous carbon, x other products of hydrocarbon pyroiysis uiider the high 
i v. 5 i < 1 < < r i 

^ < f a v ■, been 

repotted that nses high pressure CO as she carbon feedstock and a gaseous oaxaahno metal 
catalyst precursor as the catalyst. ("Gas Phase Nucleadon and Growth of Single-Wail 
Carbon Nanotubes from High Pressure Carbon Monoxide" International Pa;.. Pub!. WO 
00/2613 . put i bed Ma; 11,2000 n;eorp tted yy refers* I rent in I entirety) This 
memos; possesses many advantages over other earlier methods. For example, tbe method 
can ac dons, e< n s a t i «v 

<ar , Heart nanemhes t i > \ \ n ml nethod is 
c %v v. \ ! t\ 1 t i > <. m> st\ nvkinp 

mm w i nanotuhss. Funhmnore, tbe method produces single-wad carbon nanotohes in 
high purity, such, that less than about 10 wt% of the carbon in the solid product Is 
3 



remikeahk m other v.ehon-eomahsimg specie-.. cT,wh mciudes both gmphnn. arid 
amorphous e&rboa. A disadvantage of tins method ss thai the conversion of CO to SWNT is 
relatively lew. 

While the method has several advantages over prior methods, there are still several 
aspects of the invention that have room for improvement One is catalyst productivity, 
which dheedy afreets bosh product purity and process economics. Another ares: tor 
improvemen hat of nanoiube con * ttim& the 

policy] i< h ^ ) no on 

the H I o mbe. It is useful to be able to produce single wvali carbon j U with the 
iismeter and chit ty in 1 J ticukr apphcati 

> i i s ■> me*K<ds o 

producing single- wal trhon nanofubes with ver> high pork} .no homogenek} in 
processes w s s improved conversion efficiency of feedstock to SWNT. 



St MM * H wt ,JJNVS 

kites to a method of producing single-wail carbon nx w fv > of 
■ at high yield. In she reaction of diss method, single-wall carbon 
in a reaction /one at high tetnpenmxre and pressure The carbon 
mil c-srfcon nanotubes h a c&thoo-conralnmg gas such as a 
erablv carbon monoxide (CO), which is introduced in one stream 



safe 



saivt 



25 wall carbon nanou.ibes. Prior to intu- 



it w bested to a temperature, which 
ob- >a ;■ i \,- ! arow smgie- 



iSiJe- 



;s such as dissociation and subsequent reactions of tb< 
d-eemamiag elusion; that serve as catalysts for tins 
tubes in the reaction zone. The chemical processes u 
bt? jr f < tb gera< n v th th< 



which the catalyst precursors participate may 
edstock gas it e- reaction zone or teedst i n 1 

s ' s\ < ? <( i t n to the reaction xorte Tl 
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with kcosuxU as m,w bo v.hr.ual < > a ,;'«\f our kJ v,,n>- ,^ Vv n ej .„ ailyst 
by mixtfig with feedstock gas at an elevated teropetawe) or a combination, thereof, 

k ! > i l i > i ss f • (.0 n < ^ x v < 

5 s i > a ' >r & catalyst formation 

<V; J' }> l f 1 'I! <1 * v v - ~ ' i » \Svl i 

i \ td f > ted ! etm 

k <, \H s > and w)i s 'a > v s ■> The transition \ s o „ 

s U\ IAS !>'i - s 1 IK) ' v - <> > N s V ) 

H) v , )!< I ! ! ■, * 1 I s k s !i t 

i > v i r u . , 1 ' ' 

Control and enhancement of the siuele-svah carbon omolabe homogeneity and ysdd 
are accomplished by providing highly uniform catalyst chnsets m a size range conducive for 
the growth of single-wad easbon ranotnbe.s. ^Catalyst cluster means an agglomeration of 
15 n v » >i v i The 

catalyst cluster contains si least one transition metal atom and generally, transition metal 
atoms in the catalyst cluster comprise more than 50 mm% of the cluster, fur a number of 
rev ,r>nv «. < 

carbon rtanotubas in the gas phase. By preparing the catalyst clusters: in m appropriate size 
20 prior to entering the taction zone, the variability in size of the catalyst clusters is 
nhnhrhssd. Furthermore, the diameter of the resultant single-wall carbon moxgubes. cat; be 
controlled by the rise of the catalyst clusters supplied m the reaction sone 

Control of the cluster population and catalyst clustering dynamics is achieved by 
> < ! \> ' i . i ! By 

25 preparing the eatalys ^ r f MS 

associated with the concurrent processes of catalyst ciusicr nueiesboxy catalyst, cluster 
i v n -> v i\ u o ho u\ » mrr.g vf tfu. 

" s v U % N ves i I c-iim > > - 

processes for SWNT growth, meloding, for example, the processes disclosed in 
30 International Pat Pub WO 00/26158 First, clustering is dependent on random collisions 
c catalyst precursof'sa.o.dt.neh- react a ^ <. netal-meta 

ig encrg> > chat u< \ during clustering ss a t * 

Metals with low metal-metal binding enerp> ase less apt lo cluster and form less stable 
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clusters. Third, -he metal from the catalyst precursor is labile to chemical attack and 

Cii \k?>A U^ v "> V «. V ^ « V 

single-wall carbon naootubes. By forming the clusters in another gas man CO, lbs chemical 
5 el > k mini i V c n i e. > v s <: 

s ■ < 1 -> k\ are more 

stable x g 11 s s c ! t me - s s n 

et p i i it a ' trolled cc d not under 

me prevailing conditions for mlti'&ting and growing single-wall earboa sanotubes, v. ill allow 

Hi if 15 i ! i v'vi s ' 

The various embodiment of the present invention provide unproved methods of 
! i s >i n n v - > ! < h <. * ; 

, si i i fori males 

15 BRIEF BESCEirnON OF.TBE DRAWINGS 

1 k f t ! S < f <■ ! 

single-wail t t which a gas is used t I i bk 

catalyst precursors for tbe growth of singie-svfoi carton nauombes. 
Figure 2 shows a genet schematic ot low 
20 one embodiment of the pieseni invention whereby the metal decomposition and clustering 
) s catalyst clusi > s ^ t ; s s s. \ 

■>. < tv,,' C!^.\i 

Figure 3 shows a schematic of the apparatus useful for performing at least one 

metal p ecu s 

;>5 is i. \i < it < m< 

til s ^ \ 5 ^ !! } f 



i s <; t l 1 , ! i > 1 11 

30 1 i d hot ei 1 s I. Th< cation relates to p odnc % 

single-wall carbon nanotubes io high yield, homogeneity, and cofifotraattooal eenK. by 
providing <. 1 ? nforro hnh \- mnuu- a grow $mgk ojl 

t l ! 1 ^ I fc : : 

6 



pt r i mvm> 



i« Ofsk'i £0 J! Ts 'i s < X > . " f g\Ov 

ni marie vine u > 1 k *■ ; is , f am , r peel© g om 

fffi^i^un of the method. Oh? » > 1 skill in dm n u! .reccmmas that other 
*p . 5 I > ! nvcmm* a- , revc \ Irse 

general scheme of the srtst'hod inc u »s si s \ » , s * 

1 t i i i ' ' " > i * ^ S <. ~> 

safben mnotsOcs, la 

tOC > v > " 1 ( i fi * 1 i ! ! t t ! s, i 

I i! ,i ! < i ( , J ! , ) y. S'XtitoJ 

the hosi J si < i „ v s s 1 < 

W (Mj;\- Is ' , ; 1 

\ 0 ! K 5 i > i . ! <■ < > < - 

IK < ijl ^ 1 t J V S s is n' 

22. An .effluent stream 24, substantially free of single-wall carbon ammmbe product, is fed 
to a bypto.luei ren;«v<d yvme;n 26 to remove undesirable h-. oroduom soon as CGs and HjO, 

s i \ ' i\ 

passed from, the byproduct removal system to a compressor 30, where the recycle stream is 

it to s 1 Ms ! K io S> (H ' I < > 1 j 0 ? s 

additioa system, or both, as desired. "f.he carbon feedstock gas fed to the reactor is heated 
>y beau xe react©? > t ? txtee 

i torn the teactor through a heat e> nger section 2< 

A correlation betwee e d oi gle earn > t md >m 

^ 1 s ! 1 i 'It 

at s i Ml 1 » > * t < \> , t >m > In 

the synthesis of single-wall carbon nsxuMubes, the diameter and conformation of the 
o em. t ! ^ s v.^s s 1 i \ i % me s s ■ ns \ s s 

i x active eamlyst 

cSnsaer ru the time the carbon nanotnbe begins to grow. Factors thai control the catalyst 
cluster size at the time m SWN'f mm's^ton include lee concent radon of the catalyst 
precursor, the. ram of c? * < s 

\ { n > ' ! < t i i \ »i g rv 

ymt\ is o the . \ i I« ! < s ! \ i J Di son nm a essore and 
v no ! m <n <a v <X whts.t .5 oo«e tsexl 
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VC*.U < ^ ! 5 5 ! \ ! >l< 0 t * !"» U; od IvUiK'IK 

feedstock for single-wall carbon nasottsbs synthesis. 

lb-. ;,s- ehi'Oer w. , ano vOTO-eq : -rah, tla vnc ! >-w;:U oohee ii^-w 

diameter, expect* eedstock ijjoleeules to catalyst prec rsor 

molecules When CO s test s isux v s , sedstoc 

mob ties so catalyst precursor mui I s s o dsns 

! f <h , < > > f < ooverseh o,a XJrtio CO feedstot 

moJ es so C3 * mol I su larger ca s sters us las 

diameter single-wall carbon rumotubes. 

n i the s <. ' of the transition moral precursor yenerahy mcaeases „ 

5 < i S i < ! v ! I , ! \ s 

Mim tit fit v. ii 

i <. 0 ? J l too i u 

overcoat with carbon sad be inactive for nanctube growth 

?!< s 

> v \ 0 II Q > - x ( 1 

higher pressures of the CO tend to result in smaller-diameter single -wall carbon nanoitsfaes, 

CO si s t I ; i -v ! 

|0 »! 5 < S I 5 u 5 i ' 

presence oi ower CO concentrations a result in steer chsste 

diameters as the ' initiation of SWNT growth. 

Reaction temperature is also a factor in the size of the catalyst clusters anil the 

, v * x > >. s i k ! v a 

carbon nanombe decreases with Increasing temperature. Although not wanting to be bo-end 
by theory, ibis may be due to metal atoms of the clusters evaporating and reducing the 
cluster s « high en t 1 , - i s r it may be a que > a > 
facile initiation of nanoiube growth at elevated temperatures. 

Another control sueehtsuism ia\oi\CN tea .iu j-o<-o of s sneuu unouiomg n> J s s >? 
t s x 1 ! v s \ ah uion 

V.S t ^ > ^- V i I v n Sh<. d 

) 1 txv c ^ i s w.o'sOt i ih; bivb* \r i 

s s es In < ! t r w ^ ! s 
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nanotufees have been observed vvhfe She use of nueieation agsats. Although not waiting to 
! ! K x f- ! x i si i x } s a s 

Jht \ r w « Ol 1 > \ i x > v 5 h 1M 1 U 

! j e , i (v ! > i < J S ( v. } > ' > 

5 O << ! SOS s f 1 X 

1 tit m v s with 

n s <. « i .<Ji Cxtroui 

jn , k. s < 1 4 v . ^ > < i >s n.i \ v 

directly related to Initiation of xsanoUibe growth oo catalyst clusters of approximately the 

10 w V <h x > si f > ■> - , , x , ^nm^ui' 

^ , i i < < ' u t precuno 

) uj j> i f ! x ! > < a rea.h 

^ i > ! s !. i v *u 

things, cotai: a complicated coordination of aosiriple evetrta, food;, siocc the «aalyst clusters 

1.5 t > l.'in !\.'rs 1 to- cxtKx Is s the i 

control. Furthermore, since the reaction zone conditions are m primarily lo optimize She 
initiation., growth aod yield of single -wai; carbon a- o w\ she optimum ecaxbbons for the 
growth of the oatalyss dosScrs are oct nidepersiknby control k-d Although the operating 
parameters are .not mdepe.ode.otly controlled to optimise cluster g&mh, the opey&lmg 

20 parasaetm appear to directly affect cluster size and the resulting diameter aad yield of 

v «. < 5 1 v. 

i > i . ,> h , c 

u s > ! 1 < < Jvii marry 

25 £. c i m i x x 

. i v i f s sns h the case of CO as a carbon feedstock, single -wall carbon <• > au . yseid 

,lulu)V. U W ! 'it I ,ba « a i i K j x Sx 

whi icco y hed wit 5 J < x ct ih concent i (See Bros 1 ,x f j 00 

> * » cw tlx. x pr\>M Wt 

30 > - vS?H ci{^ Pi 11 ! i 

0 x 1 O, x x x ! u! t ! S x< 

|HtjisK^\)>U'J»Ai fUT vril x . di 

Sooxhoitd eaciion (CO *■ CO -* f - ?\m ,w e x.as > fo uux.-mho grvwh 



5>f r i ^ <sv^ 



I nU '1 ir\xn -v.! , -.0 t »v \w^hr \ tk> s,,v <n ^^ill ui:v 

naaotubes axe oita carbonyls of Group V'lb and Group VlHb transition, metal demeatSj. 
althougi otht tram on catalyst pre* i k >G < 

may &\ m&i. * nt cart > » > $ nickel 

< t 5 I ^ » N <■ i ^ 

Uit . ! 1 ! T. i t S I 

! , <. ! I 1 t j 1 ^ f > 

and nt-dv Hkm * s , >tthcrvi«l 

atom* xs v 

u > te\ t -he process. , I catalyst elastanag is complicated by reacboas involving 

etalbon 1 s ! < ? j« order of 1 

eV. <\ 1 ^ , 0 ' ! i > t - "> ' ! - v ^ 3 \ 

cluster!? \ \ < j £ < j y 1 « 

thai of to. 

The obstacles to cluster formation la She reaction zora; wink' simultaneously 
imdadrsg and growiag singte-w&O carbon nanoarbes, including reverse reactions with CO 
sine iv. s > v '! > 

preforming the catalyst clusters in a c3tg}y&> formation sone prior to introduction into the 



noiube diarr 
; he; (a ; • us 



M ( 0 - Mil «t J V x v IK i K » * m t 
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non-Ci> earner g*s <-<ouk ek f t V <e 1 tk e< s * >m n <. e^ i 
i b at \ a e< nreh 

it 1 j n a <. v v f s 

;>ese 1 f <. 1 p ^u~\ 

5 is k m i u' in rite ; ) <- r x of the present invention such that the 

desk ; i^s i ' dbmetcj k - Vn ^ > K^t Ut ur* prior w 
introducing them into the reactor, parentis the initiation and giowih of the single-wall carbon 

aaootube i< $. eed expeditiously. Th < I « d h> ssmg the amount oi 

<. , * , i < f I S ^ >. > S > * v . ^ v v 

10 the earrespoakeg diameter and > > s t > of the single-wal; carbon luioombes kneed, 

are controllable by controlling the clustering parameters of heating rate, precursor 
concentration, carrier gas, residence time and ekaaenag intubation temperature. 

In one or * n , •> ■? ! * „ < o 

v lyst clusters prei < ' 1 * oaeofil >a < < catalyst 

IS j 1 s v < l ! M. ! 

carhon-contaiosng feedstock, such as carbon monoxide. Prior to entering the catalyst- 
formation zone, the catalyst precursor mokeuks are kept at a temperature below the 
decomposition ieoiperarure of -.he precursor molecules. In the cat3iysl-kr;mifk>rt zone f 
which is connected to, hut in m area separate from, the reaction zone, the catalyst precursor 

20 molecrik are heated at least to a temperature sufficient t mmtte catalyst clustering The 

vst < t raoiee cspn hi on n lament i u» t m> Group VIJ oi 
> ... , . N t ts introduced into c > <. 5 

t ) <. \ t , v i ■> { t< \ .n inert 

gas. methane, other hydrocarbons, and mixtures thereof. 

25 figure 2 illustrates a schematic of this embodiment In addition to the components 

In this stone,, the temperature and residence time ate controlled to produce the catalyst 
clusters of the desired, ske for introduction, into the reactor 16 for the production of slngk- 
Vkali vd-fv ilia i ae n» m of the i % i t ^ < > ■ < - i- he o at or above 
30 the remp. t one needed u u uV * o-a.-uo; re em j t ' | j This 

temperature is typically in excess of ICXkC, more typically m excess of 500X. The 
residence time in the < ysi-fonmtk the s einstet size 

Preferably, the catalyst precursor reaction - i t a by rapid heating, re. k less that! about 
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10 msec. The catalyst-fojysiatbn zone is connected adjacent to the reactor, anch that as sous 
, ; - ihi , a s.h .: ;,h; ;ti i f :.i;e d -sire 1 s-ze as Corn sd, the) antes the reac-tos and t« m «ed 
rapidly with the ^ 5 s n feedstock and >. ; e ! > < begin initiating and growing 

smgk~vyaii carbon snmotubes. 
5 in bji n i * v 3 <. 

K } \ l | ! 1> Si V X v. '1 

!, ^ > t < s \ , Vpv'^hU 

> o > . s s , ■> s v - n <. ! least 

E S 5 - > s !T " s , ^ C s 

30 s h v « ! ' f ! 1 t ! ^ <\ 5 > v'd 

1} v <. 1 << ! * ' s r 1 U(l 

i ^Sunem the heated eatalw gas stm ■> < 

promote the initiation \ growth of catalyst clusters and so tbtro a suspension of catalyst 
clusters in the heated catalyst gas stream; (c) providing a carbon feedstock gas stream as a 

IS tempos to i above the minimum siagle-wall .in nanotohe * m et initiation 

temperature; and (d) mixing the carbon feedstock gas stream vvnh the heated catalyst ga.s 
Stream to form a mixed gas stream, whereat She catalyst clusters reach a temperature 
sufficient to promote the imitation tmd growth of single- wall carbon nanoSnbes on the 
catalyst clusters and to form a product gas stream comprising the single -wall carbon 

20 nanotuhes. 

'the earner gas for u catalyst precursor i be Seated > - any gas .known to oae 
of ordinary skill in the art, and may be selected tor reasons of price or convenience, m 
addition to the physical and chemical paramesets of she gas. T he eanier gas snay he purified 
< s > ^c <. art vt 

25 ! v. 1 s ' ' S I I > v sU 

from later steps erf the process. Although it is possible to use CO as a carrier gas, other nom 
GO carrier gases such as CO;, men gases, methane and other small hydrocarbons do not 
1 <. the i cl tack si s d tsociated from the 

i italyst >recnrsos nolee sies fbe advanta f CO as a ctttslyst po rsor* win „ s 5 that 

30 g x > < v ! I O ! s s ' 

s < X W t - v u'Ol s p > ( Ml ( '! 

remove the no 0 n ej ypn rctroo c < t c t g s < t hd l - 

id * > m ! to*. i * 1 ch i ml re t > 1 < I 



ioto lv v \ l! un i\i ^un'iMt i O eth m rau o ,v„i 
or mixtures thereof. More preferably , die career gas is rejected from CO, raeihane, or 
nn k rearevi 1 v. e> x i^i t f ^ w -re -a .a* ' ,i<>um a 

I } U ! i 0 I ( l i < - * v > s „ . , i 

5 or pressure reu <>„! < s nam < ehmmiy, tk carrier gas 

I 0 < i < i 1 < ^ ^ - < s , 0 x 

Oal i * I ' nn s t v ! ' s tomsation 

region, can be at any temperature at which the catalyst precursor is stable. Preferably, 
hoover, Ore temperature of the carrier gas stream is re., re re volatilize or sublime she 
10 catalyst precursor. 

1 i K li ! ^ f w S \ V s 

, e u> > s U > i < >. - . bath. 

Suitable; metres include but are not limited to, tangstety molybdenums chromium, iron, 
nickel, cobalt, 'iiv ,n uih'!i)i p * x . osmium, iridium, platmum, and i\rea < 
IS thereof, {ton m& cobalt are preferred metals, Also, the catalyst precursor typically 
comprises one or more non-metal atoms. The catalyst precursor wall inherently have a 
>n< at <re rem x 

catalyst i\ will dissociate from the ureal atom(s). Preferably, tire catalyst precursor 
i\as I t a -> v ! <u xuux 

20 in one preferred embodiment, the catalyst precursor comprises a metal cmborryf More 
preferably, the metai < u j . , !m iv hIuU i a iwit'Oy. KmCOh ct i « t is 
tU v I ( N > * ' ! < i > i i 

v, pf n x \ s re i s v j 1 m 

ppm ;u;;:i about SO ppm. 

25 > sx] 

technique. If the catalyst precursor is a liquid, the carrier gas can be bubbled re t l > the 
catalyst pfcexeuo, to make a candy;;; ptecwrsot stream, li the catalyst precursor is a 
suHimabte solid, the solid can be heated and the carrier gar paased through the vapor. After 

30 appropriate technique to a temperature at or above the decomposition temperature of the 
« s -v „ i i i i e a n u with 

id K 1 I i lei, i ? 

ti ? ,i > hi ii 1 e <. r re as < i m is i i 



v s d for u) ' i ii 3 4 5 ! (k . v u 

|vmv Kid che kal c s u. a tependem wi ? + - a ysi reanrso* 

selected * -e son<>Vi > m. N * m \ , h\tor> of she «w 

sutieh i k-waij carbon .nam <• * 

5 iwi, !>• i L » i*v.lu i v. ^ too b< u 

i.5 «m to n ! ' * r t t 5 and > s - vail cat boo 

i ; ! > , s > " ! v ! - N " * 

If the catalyst clusters grow too large, she clusters mil not form ssKg!«-waI! carbon 
oanotubes, but rather overcoat with other torav: of carbon. 

b \ i " t ! i < t n 1 < v \ 

and ft v kon I si j is more n t and less sotsbte a; higher temperatures, such as 

,' 5 > <1 ' < X i l \ < 

bo, < ! I S s > i 

1 5 Where 
iron is the attended component of the catalyst cluster, nucleating agents s t nickel, 
molybdenum or tungsten, seel; as NbCOk, may be used to promote and stabilize clustering. 
In the ease of nickel, the metal-metal binding energy Is roughiy 2 eV, or roughly twice that 
of iron. Additionally, a small amount of oxygen (such as, e.g., hhO, NOj, Ch m$ Oj) may 

20 K v \ < o w , r -\ 

After the catalyst chtsters of she desired sitae * termed its the catalyse po^eitrsoe 
t r v. nt the eiu-a r as i it >d , d n > U- 4 ten ^ \ n< 

X ^ v > S* ^ * ! ! ! ! 5 > < 

aoveli(!''..ti mt« t > < « tK jtRW* on e< st bsut It tdvit 
25 sr t s j n v. > Si t j ; ^ 

> * pp ophnte t ton lisle 

or grow a smgk-avail carbon narmfube. Some portion of the carbarn feedstock gas may be 
provided from a high purity soyece or from purified recycled gas from the reactor effluent, 
FfcfomH i ^> K>' ,a s vk d her s v im c rt> os or mixtures 
30 theme; U the cvbm mee mJ, yns stream awct^ methane or other hydrocarbons, k 
p t. <. pK kit! >m t 5 si i 

fx t< ^ cat lysis. The p I 
n j is i ! <• t ' x en 



a»« formation oa the catalyst Cusrere. If the carbon fee&rasek gas stress comprises CO, 
I s\ s Oatm 

rhe mixing < he e m fees ck aresm and streat; contaifiiag il catalyst 
chisters caa be performed hy any appropriate technique know, is t t \n Preferably, ths 
5 ' ! i ! 11 r> ! < i i 

CVLS X >. x x ) a i 1 s X ! - v < -. 

temperature of the combined stream is at a temperature sufficient to promote Die initiation 

i i i <<( ' i S S V V i V 1 V 

Stream comp < * of the 

1 t.i eombmed gap stream • greater too ! but 4 ierably, the t x i x > trie . , , > e 

gas stream is m least about 850 ; ' ; C Mere preferably, the ternpeosnee of the correlated gas 
t Ik < > > e . » \ ^ K 

obtained from dispioportKmatiom of CO via the Boudooard reaction, with the catalyst 

duster ca;aiy;:ix:e; She eddblon of carbon to the growing end of a smgfoxv&H carbon 
15 aanotuhe. 

Generally, the synthesis of s o „ < carbon muxrtabes in thn .method is none at 
\ g s i » N pressure and elevated temperatures to promote test reaction rates mi to 
) \ \ High 

pressure also accelerates the inittetioa of the single-wall carbtm mreotohes on the pre- 
20 formed catalyst Casters before da; caraiyrs dusters aggregate to a sisre where t,< no longer 

i n \ s x re v a ^ - x' s o n > , w , u > the 

1 1 > s> i , i < f mng CO the 

t x * x } ! 5 arc 

g ,k lu vh e K x i ^ 0 ! xg t ( v 

25 Irs another embodiment of the invention, the transition metal precursor molecules are 

decomposed by a laser prior to entering the reaction zone for makmg siagaxwalt eatfoan 
aanontbes In this ease. Use tramntion metal precursor molecules are mixed wish a earner 
gas wed kept si & temperature at which tire catalyst: precursor is stable. .last prior to entering 
the reaction s f x > V x re I earn be tnsh 

30 precursor nx>teenfos are pbotolyzed by a beam of high energy monochromatic 
elect grreoe radiation, such frt t uxs, i e ! < t s reaa 

v t s x. ) lu n s< Mhh, i iut i ire. J s ^ 
high energy uumochomatie e re fx s < radiation will be selected so that it wlil be 
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gas. The rnemi sterns from me photoiyzed precursor molecules cluster prior to entering the 
rcvcto! roa; o t ' a < ^ a d>ts - ^ >s '<'h >. s . vi pw,^sa^- and Uc 
shemics sm/ircmment * tl * r m> th« size the catalyst clusters can 

5 * <. va o ho . i ' • > n • mkt > o thv . k «. n ox > 1 1 .■- - * x - a ^ o 

rhoo nanetuh ti > < < s ! K - > c i s s 

or sufficient size to catalyze the < i * » and growth of 'single Avail i.sn.m.h-.. but not s 
la ge as to h a- arcr-p- u„ <^r 

graphitic carbon. 

10 Figure 3 ill i chematk rfedimeni. in addh to the com pons ts 

ml Hows as given m Figure 2, Is embodiment incorporates; an electromagnetic radiatio?; 

stHit < , •> > s < f , f vJ , \, t s ^ ^ s 

xilioo the caialyat precursor enters a separate zone tor clustering 32- Upon x t n < 
i ; i > ' ) > i the 

15. 'Shown laser, sod cluster formation takes place at a tempera-are and for a period of rime to 
achieve she desired cluster esse for introduction inks the reactor 16 for the production of 
siagk-wall carbon rametiskv As in the earlier embodiment, the , ^ sj tormahon mm is 

f k k site I s( < 

are formed, fey ester fe reactor and are mixed rapidly with the ca-h> in -containing 
20 feedstock and immediately he gin initiating and growing single-wall carbon nattottfes. 

In this embodiment, the present invention relates to a method for producing single-wail 
carbon hUiU comprising i providing a catalyst precursor gas stream comprising (i s 
carrier gas a.od (n) a catalyst precursor comprising a plurality of catalyst precursor 
rmbecukag therein tire catalyst precursor molecules comprise one or more atoms of at least 
25 m ! > - » , 2 . a.; ' " x p^*> •• o !" ^ i«iu v u<i< 

s * s< } 1 s. « f ^ i < ! < ^ » i 

s ! > s w't! tO 

V V, >M 1 , < ^ , , < ' %i 1 > 1 ) < v v g- 

30 ii. o Vr~ < v t Js vk.ir, v f « om . , <g i « t > ^ < s t « spc si >n * omi 

- . v. ns.o; - n.a^^ n ■> h nvwiun 

s s i. , 4 1 v e i < f > t 1 v < 

feedstock gas stream with fe catalyst ciuster gas stream to form a mixed gas steam. 
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s < s j v > u tialion ami 

growth of single-wal c-ssrfeon. aanotubes ? N I > odocS: gas 

stream comprising the slngie-wall carbon nammmes. Tins n! muhiu! is ■similar to me first 
embodiment except ■) > a different nw ? < initiating cluster formation from die catalyst 
I i 1 o s m en ed 

Is the ph >i > t > <-s k v! 

! > i 1 i M i 1 l i M en \ 

may - s ' . <; ■,,-,<> 

*- ! dl coherent substantially monochromatic eicetromagnede radiation" means 
! t <. < -.tt t ' ' <. o is 

possessed by photons having a wavelength whims about S i longer or shorter than a peak 
wavelength. A laser Is an exemplary somee of such substantially coherent substanmdiy 

tili T ^ 1! > ,1< (!<! 

catalyst pxscutxor. Desirably, the energy ootpot of the omislh.m source is greater than the 
amount of energy required to dissociate noomeiai atoms from me catalyst precursor,, to 
caomeosate ibr enerpy of the radiation that may he absorbed by 1 S in the pas stream 
«( Immthcca yst pwctmor, tbstf may he associate! with photon* th I 
catalyst precursor gas stream without imparting their energy to molecules in the catalyst 
precursor gas stream, or that may otherwise no; contribute to dissociation of oomnetat 

s v ! i > ^ ! I v the 

tt 1 xt >t cuts ^ depend o! «uk wt ete J.i « fiance th, i bis >i 

< l v i !l > v UlHtj'l I 1 ! 

O U ^ 1 t i ! O > U > > 

ordinary skbi In the art. Preferably, the substantially coherent substantially monochromatic 
cVaOw wp \ , umm ten s . ! t i r * > ! i > ■ An 

exemplars source of such radiation wish such a peak wavelength is a K.rP laser (pmk 
>. 1 s * 1 ' v ! v 1 so 

v s s 1 t s i . w bom the eeuaiysi 

V k f s 1 i i ?> <> f i i 1 - <. i 

bn i pr iu 1 s,l i ! i 1 ) ed i , \ n j \ , t jfd 

i? 



The s i » f > ! s ! <> n tet m 

i p, >s '?! , i itih - J t-\ s . v i ! ^ - - ^ > v Sv ■< ; o v< t * o d 

h t < * k gas at a temperature sufficient for t 

J i„ < V- 1 < 1 ' i t I {i > >' ~ - * ^ t t - f ■? O U >t h< 

i i X 1 ! ! in \ X ! > i S ^ N <■ 

wall carbon nanotubes are > ^v** > . ^ 1 -. ^ in \ - m>I< 

i benefit of the present ,n r \ ; , > ' >< u > < s typically inmate ^ 
grow ^puK * t . * i K m long carbon 

nanvmk^ >' is. ikh'« iuk iki* < . , \ ■-! a i 

K i >iv i k ! * s > 1 > s v. v v ^ os > i 3»*ci meshd 

sggret tio oi the catai ? ; lusters into farg< < ... res 0 « are more I k& \ to bee mt 
Inactive. 

The enkwdkneota of {he present invention provide an improved method of 
producing a single- wall carbon nana rube product comprising single-wall (carbon tjanotubes 
With, very high purity and homogeneity. The mvu v carbon nanotubes jb the product 
nss 1 i t ! nort 1 < rope; 

i " it 10 or more ;s * a wherein the slrigk~\.vk! carbon >x < \ , tie bundles 
or ropes are generally aligned and held together by van der Wmh forces;. The \ «m %! 
carbon naxiotubes in the product are of high purity and caa he used in many applications 
without further pu-itkatmn steps. Ho^.-vci tin certain applications, poudVation of the 
sir e-wail carb >n nanotube product may he | m< 
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i SK »t u L\ I ^ «■ > i! > « i v - < Of 

C* MOt, - \i 1 < <■ ' < 1 ! > 

r ih« nanotobe product m i the ft> » i * is J s bes 

! 5 v i „ i nson is that there Is ! vol i 

5 1 t This. 

4kmet«f and. contw control is f , a 3 due to the homogeneity of the catalyst 

clusters supplied So the s s > >n < The diameter and conformation of the single-wall 
<.aibo)f nar\>Ht vs r>r I s < ! ; ^ ^ i 

wall .ik nanotube diameters are in the range s about 0 6 < to about 3 am. The 

30 ! S O 3 iv ! >■! < I 

geometry is dependent on the application of use. The length of the single-wall carbon 
s h « Kid other 

IS ^ ? a>rfe-^ ff 

caibonnano 1 ! 

The carbon a&natubes produced may he t-<. 1 for any appiieanon known to esse of 

>> i 1 v ^ ! £ ! \ v ' v I 1 

cotU'Cctors in microdeviees (e.g., integrated circuits Of semiconductor chips),, asstensas, 
20 > i t < * 1 i force 

catalysts in industrial and chemical processes, power transmission cables, solar cells, 
h i t $ t > uteri. o\| n > i s s n 

^ d fo <. , < kti is , , ud , u n^i- he uicexi 

25 executed with< us undue experanens dion in light ol the present dtsclasare; While the 
compositions and methods of this invention have been described in terms of preferred 
<mt <c w t y i v I t ! s th s I - t 

he < np^ -> m ' v'UI 3 <> i» s . - - re . i a-,e > ' stens d the method 
descr fv J herein without departing fonn the concept, spirit and scope of the invention. 
30 More specific*!)}. It vdl be apparent thai certain agents which ate both chemically and 
s I 1 v f- v t i f *,e>^ i i hv. mt. o 

x h \ i s is I ' i d. < ^ S N 
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8. }> - j f i! 5 A v ! • <■ u, ist-it-v oonw s; ear 

at least about i 00'"C 

5 ethod K !i 8 .Jic-em ct <x i .'IK g wS >tresM is 

at least about 5O0X, 

5 «> 1"C Utwd V * ? » >. tj ! \ I Jtt *d > I x3 ». fw 

catalyst pre< - u ^ 1 > h ts s f, when t <: si 

complete in less than about 10 msec, 

11. The method of claim I, wherein the carbon feedstock gaa stream comprises a gas 
selected from the group cobbling of CO. methane, sad mixtures thereof. 
10 12, The method of claim 11, wherem the carte feedstock gas stream comprise CO, 
and wherein P co is between about 3 mm and about 1000 aim. 

13, lite method of claim 1 . therein the tempetamre of the product gas strewn k at least 
about s00%l 

1 4, The method ofcksro 1 , wherein the tempore of the pmdoei gas stream is si kast 
IS about 85 

1 5, The method of claim 1 , wherein the temperature of the product gas stream is at kast 
about 9tXTC 

* ere the mixing of I < e no and the 

, h - i. m > . ! ! rsee 

20 1 7. T he method of claim I , further comprising recovering a singiuAvall carbon nanotube 
product from the prt s 

g 1 cthodoJ nl?. wtsen nk t >vering e< p s passing the product gas 
stream throng!; a gas -permeable ft her. 

1 <>. The method of claim I 7, wherein at least about 90% of the carbon in the single- wall 
25 csrboo oanotohe product is single-* ill c-.uk.ti oammmes. 

20. The method of claim i 7, wherein at least about 95% of the cation m the single- wall 
» i b s m i < \ i t i 

2 1 . The method of claim i 7, wherein at leas- about 99% of the carbon n the single-wait 
carbon oanotube product is smgie-wail carbon nanotubes. 

30 22. The method of claim \7, wherein less than about 7 atom% of the single-wall carbon 
nanomhe moduct is catalyst. 

23. The method of claim 1 7, wherein less than about 4 atom% of the single-wall carbon 
mmotube psoduet is catalyst. 
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i - f)i.\ i ' ■■ \ v*hetd« sess; thxo ^b,«rf 2 atom 1 -/* of 
ibepn i ■ i - Halyst. 
A math - for) adsd s singfc wai; carbon naaotubes compdsmg 

(a) ^iOVKii.S s. * > !C'C s st s 

(i) a earner %mm4- 

uu califs rk\iiv &nrv>c a p ,.n r\ Oi .molw 



of Group 



>s of 
an is 




28. The mefel of c 
gefCO, (XT. 8 

29. The method of cMm 28, u 

30. The method of claim 29, % 
gofFeCCOk m&>k>u*v 

31. The method of claim 25. wherein the 
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32. The tetW of claim 25, wherein the carbon feedstock gas stream comprise a 
compound selected from rhe group corseting of CO. methane, and mixtures thereof. 

33. k " h* \ of dam i where th« carboj feedxioe gs stream < mpri ;s CO 
5 and whemm Poo ^ at kasi -bout 3 aim, 

54 FT i in o it k< v 

about 500°C. 

35. The method of claim 23, wherein fhe Seniperatore of tire mixed gas stream is at least 
about SS0°C. 

10 > > hi ! 1 > ! * ! I < ! s 

about 90C X3. 

Ik h 1 N vOfflDAK w kti •av 

about 10 msec. 

38. The method of claim 25 : further comprising recovering the single-wall carbon 
15 } * m \ ! 

39. The method of claim 38, wherein the tecovering step comprises passing the p.todncl 

40. The method ofobim 38, wherein the recovering step comprises passing the product 
gas stsci ] <ern -cable tl Itet . 

20 41, The method om.-iaavi 38, wherein at less; about 90% of the earixm ir: tire single-wail 

carbon nanombe product is smede-wall earixm mwohibes.. 

42. The method of claim 38, wherein at leas- about 95* h of the earixm in the s'mgie-wall 
carbon nanomhe product ;s sjngle-ovali carbon mmombes, 

43. s method of claim 38, wherein at least about 99% of the carbon in the single-oval! 
25 carbon mmombe product is single-wail earixm nanoiubes. 

d \ r <■ ) h , ' { 

nanomhe product >s catalyst 

! "> s * ^ N U < il U) | hi 

nanoiuhe product is catalyst. 
30 46, m „ m n > * >rvL-^ ail carbe 

% ] OC , S i^N 
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47, An apparatus for producing u • < H csrbou nanotubes, comprising: 

v O> K x ' > t >^ <. ".-n 

n ,k ^ o tre&mc prising 

(]) a earner gas and 

5 (si) a eataiyst precursor comprising a plurality of catalyst 

S< t< (t Mk SO » > ,i K U <M , vK't b v 5 ^ 

m. least one transition metal selected from the group consisting of 
efemente md Group VHtb 

at a temperature at which the catalyst precursor is stable; 

in the 

to o a suspense i 



Group Vlfe 



growth of 



(d) si reactor, svhetdn the < 
ream am mixed to toon a mixed: 



& to form a product pas s 



An « 

(a) 



(ii) a $ 



of Group 



elements arid Group V Olb c 
at a temperature at which ih 
(b) ,«U-^,ou ■ 



is of 

vib 
mis 



; provide; 
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i \ s u trior <sn<* jr**mefc' thi m 

> U t C )! K - i J i Hi! t , 5> s v' Ki N - V s C ^ ! V >t f 

suspension of catalyst clusters; 

> > - > a pr«vki< a car hot feedssod gas 

5 s 4. 5 , < I >e n Milt „ ^ 1 « < o v 

temperature; am* 

(d; a reactor, wherein 5 carbon feedstock gas stnaara % the catalyst cluster 
gas stream are nixed to 6 rr s a < ^ < \ s , v. „> 

i * !i t i > i ! k th i i > s s, v. <■ n or u->- 

';() > ! i ( I > r ! < i 

.naaotubes. 
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FIGURE 2 
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FIGURE 3 
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